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Fluidized beds are common equipment in many process industries. Knowledge of the
hydrodynamics within a fluidized bed on the local scale is important for the improvement
of scale-up and process efficiencies. This knowledge is lacking due to limited observatio-
nal technologies at the local scale. This paper uses X-ray computed tomography (CT)
imaging to describe the local time-average gas holdup differences of annular hydrody-
namic structures that arise through axisymmetric annular flow in a 10.2 cm and 15.2 cm
diameter cold flow fluidized bed. The aeration scheme used is similar to that provided by
a porous plate and hydrodynamic results can be directly compared. Geldart type B glass
bead, ground walnut shell, and crushed corncob particles were studied at various superfi-
cial gas velocities. Assuming axisymmetry, the local 3D time-average gas holdup data
acquired through X-ray CT imaging was averaged over concentric annuli, resulting in a
2D annular and time-average gas holdup map. These gas holdup maps show that four dif-
ferent types of annular hydrodynamic structures occur in the fluidized beds of this study:
zones of (1) aeration jetting, (2) bubble coalescence, (3) bubble rise, and (4) particle
shear. Changes in the superficial gas velocities, bed diameters, and bed material densities
display changes in these zones. The 2D gas holdup maps provide a benchmark that can
be used by computational fluid dynamic (CFD) users for the direct comparisons of 2D
models, assuming axisymmetric annular flow. [DOI: 10.1115/1.4007119]
Keywords: annular flow, fluidized bed, gas holdup, hydrodynamic structure, X-ray
computed tomography
1 Introduction
The advantageous properties of fluidized beds such as low-
pressure drops, uniform temperature distributions, excellent gas-
solid contacting for high heat and/or mass transfer rates, the
accommodation of a wide range of particle properties, and the
ability of handling limited quantities of liquids [1], entice many
industries to use fluidized beds for processing purposes. For exam-
ple, fluidized beds are key components in the manufacture of vari-
ous intermediate and end-user products [2], such as gaseous and
liquid fuels, commodity chemicals, and pharmaceuticals [3]. Fur-
thermore, fluidized beds are quickly becoming the standard tech-
nology for small scale power generation (less than 25MW) that is
widely used in Europe, North America, and China, among other
countries [4] for processing coal, biomass, and solid wastes
through pyrolysis and gasification.
Some of the most daunting problems facing fluidized bed reac-
tors, in terms of process efficiencies, are [5]: (1) the need for large
gas throughputs requiring large reactor diameters and heights; (2)
the addition of heat exchange systems for highly exothermic proc-
esses; (3) the location of feedstock and recirculated material injec-
tion ports; and (4) the need for the injection of gas horizontally
through reactor walls. When reduced to their most basic form, all
of these problems are hydrodynamically dependent and related to
the bubbling of gas through the bed material and around submerged
and fixed structures in the bed, the bed geometry, and the properties
of the fluidizing gas and bed material. The hydrodynamic character-
ization of a fluidized bed requires a deep understanding of these
dependencies, particularly in the design process when mistakes can
become extremely expensive. In fact, system failures have been
reported in commercial reactors designed from laboratory or pilot
scale models due to hydrodynamic changes over reactor scale-up
[6,7].
Fluidized bed scale-up from laboratory or pilot scales to com-
mercial scales comes with an understanding of the fluidized bed
hydrodynamic behavior. Computational fluid dynamics (CFD), as
a modeling tool, is increasingly being used to supplement the
scale-up process. Although CFD is the standard for studying
single-phase systems, it is still in the testing and validation stage
for many multiphase systems. The use of CFD to model fluidized
beds is highly dependent on the boundary conditions and valida-
tion through experimentation. Deza et al. [8,9] and Min et al. [10]
have shown that X-ray visualization techniques can be used as a
validation tool for fluidized bed hydrodynamic simulations.
Due to the nature of fluidized beds, hydrodynamic studies can
be problematic at best and, at times, impossible. Invasive and non-
invasive methods can be employed, however, noninvasive obser-
vation techniques are more reliable [11]. Techniques such as
electrical capacitance [12], X-ray absorption [13], c-ray absorp-
tion [14], or positron emission tomography [15] utilize field meas-
urements (i.e., capacitance, absorption, transmission, etc.) to
quantify local property variations. X-ray visualization has proven
to be a useful and relatively inexpensive tool in providing good
qualitative and quantitative data of dynamic behavior [16]. Suc-
cessful measurements of time-average gas holdup have been made
using these techniques [13,17–20].
If the height above the aeration zone is sufficient, it can be
assumed that the flow within the fluidized bed is annular and fluid-
ization uniformity is axisymmetric [13]. With the assumption of
axisymmetry, the data can be averaged over concentric annuli to
produce 2D maps of the annular and time-average gas holdup.
1Corresponding author.
Contributed by the Fluids Engineering Division of ASME for publication in the
JOURNAL OF FLUIDS ENGINEERING. Manuscript received October 14, 2011; final manu-
script received June 11, 2012; published online August 9, 2012. Assoc. Editor:
Olivier Coutier-Delgosha.
Journal of Fluids Engineering AUGUST 2012, Vol. 134 / 081305-1CopyrightVC 2012 by ASME
Downloaded From: http://fluidsengineering.asmedigitalcollection.asme.org/ on 02/10/2014 Terms of Use: http://asme.org/terms
This paper employs this assumption and data analysis technique
to identify hydrodynamic flow structures within two different flu-
idized beds filled with three different materials. The data provided
by these 2D maps offer a benchmark for CFD modelers to make
direct comparisons to 2D CFD simulations that can then be ex-
trapolated to a 3D bed when axisymmetric flow is assumed.
2 Experimental Setup
The fluidized bed reactors used in this study are nonreactive
cold flow reactors. Their internal diameter (ID) measurements are
10.2 cm and 15.2 cm, and made of transparent polyacrylic material
allowing X-rays to pass through with little to no attenuation
effects. The aeration scheme for each reactor uses a perforated
plate that consists of uniformly distributed 1mm diameter holes
over a polar grid originating at the plate center for each reactor.
The aeration plates for the 10.2 cm and 15.2 cm diameter reactors
contain 62 and 131 perforations, respectively, providing open area
ratios of 0.62% and 0.57%. According to Geldart and Baeyens
[21], this aeration scheme gives rise to a bubble distribution simi-
lar to those found in porous plate distributors. Further fluidized
bed details are provided in Drake and Heindel [13].
The three bed materials used in this study are Geldart type B
particles [22] (glass beads, crushed walnut shell, and ground corn-
cob) and were chosen based on their fluidization behavior, size
range, density, aspect ratio, availability, and similarity to materi-
als used in conventional inert fluidized bed systems. Glass beads
are used as a reference material in this study and provide a bench-
mark for the fluidization behavior of various materials within both
fluidized bed reactors. Table 1 provides a summary of the bed ma-
terial properties used in this study.
To measure the bed weight and bulk density, each material is
placed into either reactor and slightly fluidized to remove packing
effects. Material is added or removed from the bed until a bed
height of 1 reactor diameter is reached. The material is then
removed from the reactor and weighed. The bulk density qb for
each bed is then calculated by
qb¼
mbed
Vbed
(1)
where mbed is the bed mass and Vbed is the bed volume. The mate-
rial density (qp) was provided by the manufacturer. The bulk
(static) void fraction for each bed is calculated by
eg;b¼1 qbqp
(2)
The minimum fluidization velocity (Umf) of each bed is experi-
mentally determined using the procedure described by Drake and
Heindel [13]. Table 1 summarizes the minimum fluidization
velocities and flow rates used for each material in each reactor.
The superficial gas velocity (Ug), defined as the volumetric flow
rate divided by the reactor cross-sectional area, is then referenced
to the respective Umf values.
Heindel et al. [23] have described the X-ray CT equipment
used in this study and the specifics of the X-ray imaging used in
this paper are found in Drake and Heindel [13,19]. A summary of
the equipment settings used to acquire the data for this study is
provided in Table 1.
Gas holdup, or void fraction, is defined as the volumetric gas
fraction inside the bed, and the local time-average gas holdup eg is
determined from [16]
eg¼
I Ib þ Ig  I
 
eg;b
Ig  Ib (3)
where each variable I is the local X-ray CT value extracted from
different X-ray CT images; these refer to a dynamic bed (I), a
static bed (Ib), and an empty bed (Ig). Performing this calculation
generates a new 3D file that contains the local time-average gas
holdup map. Note that all values in Eq. (3), except for eg,b, have
unique time-average values at every voxel (3D pixel). It is esti-
mated that the absolute error in eg is  62%.
The newly generated 3D eg file consists of a rectangular matrix
of voxels, where each voxel is 450 lm on a side. A region of inter-
est (ROI) is chosen within the 3D eg file that contains only the flu-
idized bed, excluding the reactor walls and aeration plate.
Quantitative 2D contour maps are generated from analysis within
this ROI. These maps display time-average gas holdup (see Eq.
(3)) that is further averaged around concentric annuli to yield an
averaged annular gas holdup eg,r. Hence, each pixel within a eg,r
map represents the average eg value in an annulus at a particular
height and radius incremented by one voxel in either the axial or
radial directions (i.e., each annulus is 450 lm wide and 450lm
high). Defining which voxels fall within particular annuli is deter-
mined by rounding each voxel to the nearest integer annulus. For
example, Fig. 1 shows a schematic (not to scale) of concentric
circles superimposed on the perforated aeration plate of the
15.2 cm diameter reactor. The 10.2 cm reactor has fewer concen-
tric circles because of the smaller diameter; however, in both reac-
tors, concentric annuli encompass rings of aeration jets, as shown
in Fig. 1, allowing well-defined averages for the aeration jets in
the eg,r contour maps that are displayed in subsequent figures.
Table 1 Material properties, minimum fluidization, and equipment settings
10.2 cm reactor 15.2 cm reactor
Glass beads Walnut shell Corncob Glass beads Walnut shell Corncob
Material properties
Dp (lm) 500–600 500–600 500–600 500–600 500–600 500–600
qb (kg/m
3) 1491 579 392 1500 570 395
mbed (g) 1220 477 323 4160 1580 1098
qp (kg/m
3) 2600 1200–1400 800–1200 2600 1200–1400 800–1200
eg,b 0.43 0.55 0.61 0.42 0.56 0.6
Minimum fluidization velocity and flow rate conditions
Umf (cm/s) 21.7 18.4 17.1 20.2 16.3 16.8
Qmf (L/min) 105.3 89.3 83.2 220.6 178.4 183.7
Equipment settings
Source voltage (keV) 150 130 130 160 139 139
Source current (mA) 3.5 3.2 3.2 4.5 3.9 3.9
CCD exposure (s) 1 1 1 1 1 1
CCD temperature (C) 0 0 0 0 0 0
Filters 1 Al and 2 Cu 1 Al and 1 Cu 1 Al and 1Cu 1Al and 2 Cu 1 Al and 1 Cu 1 Al and 1 Cu
Binning 4 4 4 4 4 4 4 4 4 4 4 4
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Noise is introduced to the data in many ways when performing the
annular averaging analysis technique discussed here. First, large den-
sity gradients create artifacts in reconstructed X-ray CTs; for a more
detailed discussion of this phenomena, see Franka [24]. Second, both
the convolution method used to reconstruct X-ray CTs and the annu-
lar averaging methods used to create the 2D eg,r surface maps
intrinsically create noise. Both are founded on the same conceptual
ideal that when averaging data, noise is reduced by increasing
the sample size. Therefore, when calculating eg,r from the eg map, as
r! 0, the number of voxels in the average decreases, thus increasing
the noise. To overcome this problem, all voxels within the first three
radii are averaged together, creating a 2.7mm diameter core of aver-
aged data centered on the bed center. To further reduce the noise in
the derived 2D eg,r map, the data are smoothed using a cubic spline
curve fitting method both vertically over all radii and horizontally
over every slice.
Figure 2 shows a plot of eg,r as a function of height in a fluid-
ized glass bead bed contained by the 15.2 cm diameter reactor
with Ug¼ 2Umf. This figure demonstrates how noise in the data is
greatly increased as the number of voxels in the average decrease.
Two distinct plots are shown for two annular averages of eg. The
left plots show the noisier lower voxel count core and the right
plots show a less noisy, higher voxel count annular average near
the reactor wall. Both sets of plots include the smoothed data
superimposed over the noisy data and observations show that the
smoothed data follows the general trend of the noisy data. The
amplification of the noise decreases as r increases, as revealed in
the outer annuli plot. Finally, the variations near the base of the
bed are also influenced by the large material variations caused by
the flange region; the smoothing routine also reduces this artifact.
Each 2D surface plot of eg,r that follow in Sec. 3 are dimension-
ally normalized both vertically and horizontally by h/D and r/R,
respectively. The left edge of each map represents the reactor cen-
ter, the right edge signifies the bed wall, and the bottom corre-
sponds to the top of the aeration plate. Each image comparison
includes a color scale showing eg,r and are identical for all slices
in a given material and reactor but differ between materials.
Therefore, the color scales are modified to improve image resolu-
tion in the respective figures.
3 Results and Discussion
Local time-average gas holdup was determined for each bed
diameter and material by acquiring a single test at various flow
conditions. Previous work has shown that the data are repeatable
[13]. Four superficial gas velocities (Ug¼ 1.25Umf, 1.5Umf,
1.75Umf, and 2Umf) were chosen per material in each reactor. The
results of eg,r will be presented using glass beads as the reference
material with the ground walnut shell and crushed corncob show-
ing similar trends.
3.1 Effect of Bed Diameter on Gas Holdup. Figure 3
presents eg,r contour maps for fluidized glass beads in both reac-
tors at Ug¼ 1.5Umf. The left and right maps display eg,r in the
10.2 cm and 15.2 cm diameter beds, respectively. To simplify
comparisons between geometries, eg,r for both reactors is scaled
over the same range found at the right of the figure. Note that the
difference in the vertical scaling in Fig. 3 is due to the physical
extent of the imaged regions; the 15.2 cm bed encompasses a
larger physical domain but was slightly smaller than the 10.2 cm
bed when nondimensionalized.
Figure 3 shows that the bed expansion is higher (in a dimen-
sionless sense) in the smaller bed. This is due to a deeper penetra-
tion of frictional losses into the bed caused by larger wall effects
in the smaller column. Therefore, the effective column diameter
Fig. 1 Schematic of annuli inscribed inside of the 15.2 cm
reactor (not to scale)
Fig. 2 Comparison of smoothed and unsmoothed gas holdup
data in the bed center and near the bed wall of a fluidized glass
bead bed in the 15.2 cm diameter reactor with Ug5 2Umf
Fig. 3 Local time-average annular gas holdup surface maps
for a fluidized glass bead bed in the (left) 10.2 cm diameter
reactor, and (right) 15.2 cm reactor at Ug5 1.5Umf
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decreases, causing local gas velocities to increase due to conserva-
tion laws. This leads to an increase in the bed material momentum
in the center of the bed, and ultimately, an increase in the time-
average bed height.
Although it appears that eg,r is fairly uniform across the bed in
both reactors when Ug¼ 1.5Umf and h> 0.6D, some annular
hydrodynamic structures do stand out. Four different prominent
structures can be observed in both beds and have been defined as
zones of (1) aeration jetting, (2) bubble coalescence, (3) bubble
rise, and (4) particle shear. These structures are schematically
shown in the 10.2 cm reactor, although they appear in both reac-
tors. The structures are hypothesized to change in shape, size, and
location due to the aeration scheme chosen for fluidization (i.e.,
perforated plate, porous plate, etc.). Aeration jetting is identified
by long, thin regions of relatively high eg,r emanating from the
bottom of the bed. The bubble coalescence zone is observed as a
region of relative high eg,r just above, and generally attached to,
individual aeration jets; this zone is largest near the wall. The bub-
ble rise zone is a region of gradually widening plume of relatively
high eg,r originating from the bubble coalescence zone, particu-
larly near the wall. Areas of particle shear are identified by local
regions of relatively low eg,r in areas of the bed away from the aer-
ation region. Time-average gas holdup values provided by 2D
simulations of the same system made by Min et al. [10] show sim-
ilar structures in the beds.
The aeration jets emanate from the concentric annuli containing
the aeration plate perforations (Fig. 1). The jets tend to reach
approximately the same height in both reactors, between 0.15D to
0.175D, and have completely dissipated at heights of h¼ 0.2D.
These jets tend to lean towards the reactor wall, which is indica-
tive of a counterclockwise circulation of bed material just above
the aeration zone in both reactors. An interesting difference
between the bed diameters is that the jets become more prominent
near the reactor center in the 10.2 cm reactor and less prominent
near the reactor wall. This is opposite for the 15.2 cm reactor and
is most likely due to wall effects affecting the bed material circu-
lation near the reactor base.
Bubble coalescence occurs above the aeration region and is
most prevalent near the wall. There is also a noticeable region
near the center of the 15.2 cm bed. The location of these regions is
most likely due to wall effects and is influenced by the circulation
of the bed material. The bubble coalescence regions predomi-
nantly pull gas from nearby aeration jets while gas from relatively
distant jets dissipates as interstitial gas.
Regions of bubble rise are similar between bed diameters near
the reactor walls; however, a center rise path is also visible in the
15.2 cm reactor. Again, this is most likely due to the wall effects
on the circulation patterns. Generally, bubble rise regions reach
the top of the bed if they occur near the reactor wall. When they
are found near the bed center they tend to become widely dis-
persed throughout the bed and generally dissipate due to material
falling in the central region of the bed. For both reactors, the bub-
ble rise region originating near the wall penetrates almost to the
bed center at the top of the bed, indicating the migration of large
bubbles towards the bed center as they rise. A stark difference
between the rise paths is their prominence, where the intensity is
greater in the 15.2 cm reactor than in the 10.2 cm reactor.
Regions of particle shear are identified by relatively low eg,r
where particle circulation is concentrated and particle-particle
interaction is the greatest. The difference in the particle shear
zones between reactors is in their location and size. Two zones
(reactor center and wall) appear and are shown for illustration pur-
poses in the 15.2 cm reactor in Fig. 3, although they are found in
both reactors. In the 10.2 cm reactor, the dense center zone is rela-
tively large and is centered approximately at a height of h¼ 0.5D
and a radius of r¼ 0.2 R. The central zone in the 15.2 cm reactor
is not as dense, with a center of rotation at about h¼ 0.2D and
r¼ 0.2 R. The circulation direction for these zones is most likely
in the counterclockwise direction due to the wall leaning aeration
jets and the rising gas near the wall. The wall zones are harder to
identify in Fig. 3; however, visual observations of the beds reveal
that material falls near the walls. Therefore, a bubble rise path
near the walls implies particle rise in this region, creating a thin
clockwise particle circulation zone right along the entire height of
the wall. This is observed in both reactors. This is confirmed by
the decreasing eg,r as r ! R. The circulation patterns observed in
Fig. 3 are comparable to those made by Soria-Verdugo et al. [25]
in a similar system.
Figure 4 displays plots of eg,r of a fluidized glass bead bed in
both reactors with Ug¼ 1.5Umf and h¼ 0.75D. Observations show
that in both reactors, the bubble rise zone is visible by the local
maximum in gas holdup near the reactor wall, and the penetration
depth is approximately the same. At h¼ 0.75D, there is a signifi-
cant difference in the eg,r values between the two bed diameters,
and is most likely due to wall effects causing slight changes in cir-
culation patterns and gas rise through the bed. This follows the
results observed by both Drake and Heindel [13,19] and Franka
and Heindel [18].
3.2 Effect of Superficial Gas Velocity on Gas Holdup.
Figure 5 presents eg,r contour maps with increasing Ug from left to
right and from top to bottom for fluidized glass beads in the
10.2 cm reactor. All contour maps are scaled over the same range
to simplify comparisons between flow rates.
Again, the same four annular hydrodynamic structures stand
out in Fig. 5, although their size and location are influenced by
Ug. As Ug increases, the fluidization uniformity tends to decrease
as mixing in the bed increases. This is due to the development of
bubble rise paths near the reactor walls, which increase in width
and intensity from enhanced mixing as Ug increases. Note that
when Ug¼ 2Umf, the width of the bubble rise path at the top of
the bed is equal to R, indicating that a taller bed would most likely
have very uniform fluidization above h¼ 1D. As these rise paths
increase in prominence with increasing Ug, the particle shear zone
in the bed center tends to decrease in size and height while migrat-
ing from the reactor wall to the reactor center, forming a conelike
low gas holdup region. As previously stated, a second particle
shear zone develops near the reactor wall and increases in promi-
nence as Ug increases. In contrast to the Ug¼ 2Umf, when
Ug¼ 1.25Umf only one circulation zone appears to be present and
is most likely in the clockwise direction, as can be inferred from
the center leaning aeration jets. This assumption is further sup-
ported by the bubble coalescence region in the bed center, show-
ing that relatively large amounts of gas pass there and not at the
wall. As Ug increases, observations show the wall leaning aeration
jets and absent bed centered coalescence zone, indicating the sep-
aration of the single particle shear zone into two opposing circula-
tion patterns.
Fig. 4 Radial eg,r for a fluidized glass bead bed in the 10.2 cm
and 15.2 cm diameter reactors with Ug5 1.5Umf at h50.75D
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Figure 6 shows contour maps with increasing Ug for fluidized
glass beads in the 15.2 cm reactor. Again, observations show
much of the same trends as seen in the 10.2 cm reactor. One dif-
ference is the size of the particle shear zone and the gas rise pat-
tern when Ug¼ 1.25Umf. This is most likely due to a decrease in
the wall effects with an increased bed diameter allowing for better
mixing quality at lower flow rates. Another difference is the
decrease in the bubble rise path penetration depth. Last, a clear de-
velopment of the wall circulation pattern is not as apparent in the
larger reactor, although visual observations confirm downward
particle motion at the walls.
Figure 7 shows how the bubble rise zone and wall circulation
region evolves as Ug increases in both fluidized beds at a fixed
dimensionless height. The bubble rise region penetration depth
and eg,r increase as Ug increases in both reactors. The appearance
of a prominent local maximum in eg,r as Ug increases implies that
the wall circulation region increases as Ug increases; the circula-
tion region is smaller (in a dimensionless sense) for the larger bed
diameter. The width can be estimated by the radial location of the
maximum eg,r value within the bubble rise zone for each reactor.
As Ug increases, this maximum migrates further away from the re-
actor wall, indicating an increasing circulation region; however,
as the bed diameter increases, the maximum eg,r migration
decreases or is not as far away from the reactor wall at all Ug.
This is mainly due to the increasing wall effects with decreasing
reactor diameter.
Figure 8 shows how the bubble rise zone and wall circulation
region evolve, as the bed height increases for Ug¼ 2Umf. The
lower gas holdup near the wall is a clear indication of particle cir-
culation in this region. The growth in the penetration region as the
height increases is clearly observed in the 10.2 cm reactor. In con-
trast, the penetration region as the height increases only grows a
small amount with increasing height in the 15.2 cm bed. These
profiles are comparable to those observed by Paaneerselvam et al.
[26] in the CFD simulations of a gas-liquid-solid fluidized bed of
glass beads, water, and air, showing that these results can also be
extrapolated to three phase systems.
3.3 Effect of Bed Material Density on Gas Holdup. Figure 9
displays eg,r surface maps of fluidized beds with increasing bed
material density from left to right in the 10.2 cm reactor at
Ug¼ 1.5Umf. All surface maps are scaled over different ranges,
where each range is centered on the bulk holdup value to simplify
comparisons between densities.
All three beds show eg,r variations in different regions of the
bed. Bubble rise paths near the reactor wall are identifiable in the
glass bead bed, apparent in the ground walnut shell bed, and
Fig. 5 Local time-average annular gas holdup surface maps
for fluidized glass bead beds in the 10.2 cm diameter reactor at
(upper left) Ug5 1.25Umf, (upper right) Ug5 1.5Umf, (lower left)
Ug5 1.75Umf, and (lower right) Ug52Umf
Fig. 6 Local time-average annular gas holdup surface maps
for fluidized glass bead beds in the 15.2 cm diameter reactor at
(upper left) Ug5 1.25Umf, (upper right) Ug5 1.5Umf, (lower left)
Ug5 1.75Umf, and (lower right) Ug52Umf
Fig. 7 Radial eg,r for a fluidized glass bead bed in the 10.2 cm
and 15.2 cm diameter reactor with Ug5 1.25Umf, 1.5Umf, 1.75Umf,
and 2Umf at h5 0.75D
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absent in the crushed corncob bed. The observations in the glass
bead bed is in contradiction to those made by Pallares and Johns-
son in 2D fluidized beds [27], implying that the true 3D hydrody-
namics observed in the present study are different from those
recorded in 2D flows. The crushed corncob has the smallest den-
sity of the three materials in this study. The low density promotes
bed mixing and, at Ug¼ 1.5Umf, distinct bubble rise paths are not
observed. In addition to material density, it is hypothesized that
these observations are also influenced by particle-particle interac-
tion and material properties such as the shape factor, coefficient of
restitution, and porosity.
Bubble coalescence zones in beds of glass beads and ground
walnut shell appear to be similar with a focus near the wall; how-
ever, crushed corncob shows a different pattern. The main coales-
cence zone in crushed corncob is centered around r¼ 0.4R and
h¼ 0.3D. The main reason for this difference is that the bed of
crushed corncob is less dense, which promotes enhanced mixing,
reducing regions of relatively low gas holdup, as observed in glass
bead and ground walnut shell beds. For all three materials, these
zones tend to be fed by two adjacent concentric aeration jetting
circles, where all other jets tend to disperse as interstitial gas.
Fig. 8 Radial eg,r for a fluidized glass bead bed in the 10.2 cm
and 15.2 cm diameter reactor with Ug5 2Umf at h5 0.25D, 0.5D,
0.75D, and 2D
Fig. 9 Local time-average annular gas holdup surface maps for fluidized beds of decreasing density (left to right) in the
10.2 cm reactor at Ug51.5Umf
Fig. 10 Local time-average annular gas holdup surface maps for fluidized beds of increasing density in the 10.2 cm reactor
at Ug5 2Umf
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Figure 10 shows eg,r surface maps of fluidized beds with
increasing bed material density from left to right in the 10.2 cm re-
actor at Ug¼ 2Umf. The ground walnut and crushed corncob shell
beds show an increase of eg,r throughout the bed with increasing
Ug. The glass bead bed displays an increase in the bubble rise
path. The particle shear zone shows a large region of relatively
low eg,r, which is more typical of values near incipient fluidiza-
tion. This is most likely due to the increased density and uniform
shape of the glass beads compared to the ground walnut shell and
crushed corncob particles.
The bubble coalescence zones and rise paths in each material
occur in the same locations, but increase in size, as expected, with
increased Ug. The location and size of particle shearing zones
change with increasing Ug. The glass bead bed shows the particle
shearing zone decreases in size and the low gas holdup center
migrates higher in the bed. In the ground walnut shell bed, the low
gas holdup shear zone decreases in size and is still centered near
the same location. The upper zone in the crushed corncob bed did
not change in shape or location; however, it did increase in size.
The lower zone decreased in size and an increase of downward
flowing material at the reactor wall developed. Aeration jets do
not appear to change with increasing Ug, except for a more
defined jetting region, which is expected.
Figure 11 shows how the bubble rise zone and wall circulation
region evolves as the bed material density changes in both fluidized
beds at a fixed height of h¼ 0.75D and a superficial gas velocity of
Ug¼ 2Umf. The depth of bed penetration across the bubble rise
zone and the prominence of the wall circulation region appear to
slightly increase as the material density increases in both reactors.
If the radial location of the maximum eg,r is an indicator of the
width of the wall circulation region, then the width increases as the
bed diameter decreases. Again, this is due to increasing wall effects
with decreasing reactor diameter. Furthermore, a maximum eg,r is
not as apparent in the crushed corncob beds due to the enhanced
mixing this low density material promotes.
4 Conclusions
The effects of fluidization velocity, material density, and bed
diameter on the annular hydrodynamic structures and local annu-
lar and time-average gas holdup were investigated in this study.
The results show that four different annular hydrodynamic struc-
tures occur in the dynamic fluidized beds used in this study, and
include zones of (1) aeration jetting, (2) bubble coalescence, (3)
bubble rise, and (4) particle shear. Changes in the shape, size, and
location of these zones occur with changes in the Ug, bed diame-
ter, and bed material density. It is also hypothesized that the aera-
tion scheme of the bed and the bed material properties (i.e., the
shape factor and coefficients of restitution) may play a role in the
development of these structures; this area is in need of further
investigation. These experimental conclusions are of great impor-
tance to the modeling of multiphase systems. By assuming that
aeration is uniform, fluidization is homogeneous, and the flow is
axisymmetric, direct comparisons of 2D CFD models can be
made to these experimental results of local time-averaged annular
gas holdup values derived from X-ray CT imaging techniques.
Last, the provided hydrodynamic results can be compared to those
derived from fluidized beds aerated with porous plates due to the
similarity in aeration schemes.
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Nomenclature
D ¼ bed diameter
h ¼ bed height
I ¼ local X-ray CT intensity value
Ib ¼ local static bed X-ray CT intensity value
Ig ¼ local empty bed X-ray CT intensity value
mbed ¼ bed mass
r ¼ local bed radius
R ¼ bed radius
Ug ¼ superficial gas velocity
Umf ¼ minimum fluidization velocity
Vbed ¼ bed volume
eg ¼ local time average gas holdup
eg,b ¼ bulk void fraction
eg,r ¼ average annular gas holdup
qb ¼ bulk density
qp ¼ particle density
2D ¼ two-dimensional
3D ¼ three-dimensional
CFD ¼ computational fluid dynamics
CT ¼ computed tomography
ID ¼ internal diameter
ROI ¼ region of interest
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